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ABSTRACTDespite great interests of electrochemical energy storage systems for numerous applications, considerablechallenges still have to be overcome. Among the approaches to improve the stability, safety, performance andcost of these systems, molecular functionalization has recently been proved an attractive method that allows totune the material surface reactivity while retaining those of the bulk material. For that purpose, the reductionof aryldiazonium salt is a versatile method that form robust covalent bonds with the material surface with,however, the formation of multilayer structures and (for carbon substrate) sp3 defects that can be detrimental tothe electronic conductivity. Alternatively, non-covalent molecular functionalization based on π-π interactionsusing aromatic ring units have been proposed. In this review, the various growing developments of themolecular functionalization in regards to today’s lithium-ion batteries and electrochemical capacitorslimitations is discussed. According to the targeted applications and required properties, both covalent and non-covalent functionalization methods are proved to be very efficient and versatile. Fundamental aspects toachieve better understanding of functionalization reactions as well as molecular layers properties and theirimpacts regarding the electrochemical performance are also discussed. Finally, concluding perspectives areproposed for future implementation of molecular functionalization in the field of electrochemical storage.

Nano ResDOI (automatically inserted by the publisher)Review Article

————————————Address correspondence to Lénaïc Madec, lenaic.madec@univ-pau.fr and Joël Gaubicher, Joel.Gaubicher@cnrs-imn.fr

mailto:Joel.Gaubicher@cnrs-imn.fr
mailto:lenaic.madec@univ-pau.fr


3

KEYWORDSType keywords (4 to 6 keywords) here.
1. IntroductionElectrochemical energy storage systems are of greatinterests due to their numerous applications inportable electronics, tools and transportation.However, to fulfill the growing demand for highpower and high energy storage devices, considerablechallenges still have to be overcome. For instance,despite great advances in materials and electrodeengineering [1],[2],[3], the lifetime and safety of theresulted storage devices remain often limitingfactors. This originates from the active materialswhich present relative high reactivity andthermodynamic instability in the real life cyclingconditions of electrochemical cells. Depending on thematerials and experimental conditions, suchinstability can lead to various critical phenomenalike electrical disconnection and instable SEI in thecase of conversion/alloy material [4], severeelectrolyte degradation [5],[6] and/or materialdissolution [7] at high potentials. Whichever thecase may be, most of these phenomena are related tothe interfacial reactivity between the electrolyte andthe materials of the composite electrode. Therefore,controlling the materials surface properties is ofgreat importance to improve the overallelectrochemical performance. To do so, approachesusually rely on a pre-treatment of the materials bysurface coating with polymeric [8],[9] or inorganic[10],[11],[12] species and/or on the use of electrolyteadditives [13]. Another approach, out of usual paths,based on molecular functionalization has recentlybeen proved an attractive method as it allows to tunethe material surface reactivity while retaining thoseof the bulk material. To achieve this goal, thereduction of aryldiazonium salt is a method of choicedue to its versatility and the formation of a robustmolecular layer associated with the formation ofcovalent bonds with the material surface. The laterresults from a one electron reduction of thediazonium moiety with concomitant formation of anaryl radical. Such functionalization process can beachieved either by electrochemical [14] orspontaneous [15] reduction of the aryldiazoniumsalts in aqueous [16] and organic [17] media andcan be applied to a large variety of substrates such as

carbons [17], metals [18] and oxides [19],[20]. Oneof the most popular industrial applications of thistechnique is the fabrication of inks and pigments bythe Cabot Corporation since 1993 [21]. For moredetails about reaction mechanisms and chemistryinvolved with the diazonium functionalization,readers can refer to references [22],[23]. As far aselectrochemical storage applications are concerned, itis worth mentioning that: (i) multilayer(oligomer/polymer) structures are systematicallyobtained [24],[25] unless very strict experimentalconditions [26] or specifically designed salts areused [27] and (ii) when carbon serves as substrate, itresults in the formation of sp3 defects which impactthe charge transfer and electronic conductivity[28],[29],[30]. Alternatively, molecularfunctionalization through non-covalent anchoringhave recently been proposed in the field of energystorage [31],[32]. It is based on π-π interactionsusing aromatic ring units such as pyrene derivativefor which self-adsorption on sp2 domains of a carbonsurface is thermodynamically driven [33] andresults in ideal electrical contacts [33],[34],[35]. Sofar, the anchoring of pyrene units have beeninvestigated for electroanalysis [36] and sensors[37][38]. Another distinct advantage of pyrenederivatives concerns their redox properties in thesense that their oxidation leads to appearance ofredox-active oligomers for which theelectrochemistry can be modulated by modificationof the functional groups [39],[40].In this review, the recent developments of themolecular functionalization to address today’slimitations of lithium-ion batteries andelectrochemical capacitors will be discussed.Literature reports on molecular functionalization forother battery systems are rather scarce and are alsodiscussed in this review. As an overview, Figure 1described the main strategies implemented so far inthe literature. The first part of this review will bedevoted to lithium ion batteries and highlights thatthe molecular functionalization approach hasenormous advantages with respect to controllingcharge and mass transfer as well as creating artificialinterphase. In the second part of this review, the
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molecular functionalization will also be shown toplay a pivotal role in enhancing pseudo capacitiveeffects of carbon type electrode materials. Finally, asummary of some fundamental aspects dedicated toachieving better understanding of functionalizationreactions as well as molecular layers properties andtheir impacts in regards to the electrochemicalperformance will be discussed. Concluding remarks

will serve to describe the main perspectives forfuture implementation of molecularfunctionalization in the field of electrochemicalstorage.

Figure 1 Molecular functionalization strategies for Li-ion batteries and electrochemical capacitors performanceenhancement such as artificial interphases, molecular wiring and molecular redox approaches.
2. Lithium ion Batteries application2.1 Artificial interphasesAmong carbon materials for negative electrode oflithium ion batteries, graphite is the most commonlyused [41] due to its unique electrochemicalproperties and low cost. The high performance of thegraphite relies, however, on the formation of a stableSolid Electrolyte Interphase (SEI) [42] at its surfaceduring the first lithiation. This aspect is certainly one

of the major issue of Li battery because the SEIformation consumes charge irreversibly. Therefore,both the initial irreversible capacity and the ensuingcoulombic efficiency on cycling must be optimized.In terms of surface chemistry, the efficiency of theSEI to protect the electrolyte from the graphitewithout impeding Li intercalation process istherefore of great importance. It is well known thatthe solvent(s) has a critical role. For instance, the use
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of pure propylene carbonate results in the exfoliationof the graphite electrode and the decomposition ofthe electrolyte [43],[44]. Alternatively, variouscoatings of the active grains designed prior to theformulation of the electrode have been widelyproposed [8],[10]. So far, however, the mostcommonly used approach to tune the efficiency ofthe SEI consists in the empirical choice of differentelectrolyte additives that contribute to and/orstructure the SEI [13],[45]. Because these methodsrely on relatively weak interactions between thegraphite surface and the modified layer (i.e.noncovalent bonding) which can potentially limit theSEI stability, Pan et al. [46] have proposed a decadeago to use diazonium chemistry as novel andconvenient method to covalently functionalize thesurface of natural graphite. The functionalizationreaction was performed under nitrogen by stirringnatural graphite in a solution of anhydrousacetonitrile containing 4-nitroaniline to whichisoamyl nitrite was slowly added to generate thediazonium salt as shown in Figure 2. The resultedmodified natural graphite showed higher initialcoulombic efficiency as well as better capacityretention for 30 cycles compared to the unmodifiedgraphite (Figure 3). Unfortunately, the coulombicefficiency was not reported in this study.

Figure 2 Schematic illustration for the surfacemodification of natural graphite with 4-nitrophenylmultilayers. Reproduced from Ref. [46] withpermission from The Royal Society of Chemistry.

Figure 3 (top) Initial discharge/charge plots and(bottom) the specific capacity as a function of cyclingnumber of the graphite electrodes. Adapted fromRef. [46] with permission from The Royal Society ofChemistry.
More recently, Novák et al. [47] explored differentfunctionalization routes using p-carboxylic benzenediazonium salt in aqueous or acetonitrile mediawhich allowed them to tune the loading of thefunctionalized layer at the graphite surface. Theyalso further modified the functionalized graphite bytransformation of the terminal functional groupthrough chemical or electrochemical treatments. Thissecond step resulted in thickening of thefunctionalized layers. As a whole, they observed thatthe thicker the functionalized layer was, the lowerthe extent of the SEI formation was at the expense ofa drastic lowering of the reversible capacity. Thelatter was ascribed to probable insulation of activeparticles. Exfoliation of the graphite in propylenecarbonate based electrolyte was also greatlyhindered for high loading. Their results indicate thatappropriate functionalization conditions are essentialin regards to the resulting and targeted propertiesfor further development.To replace graphite and increase the energy of
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negative electrode in lithium ion batteries, silicon isan attractive material due to its high theoreticalspecific capacities of about 10 times that of graphite[48]. However, silicon suffers from a massive volumechange (>300%) on lithiation and delithiation cycles[48]. It usually results in structural modification,active material pulverization, loss of electricalcontact [49] and continuous electrolyte degradation(i.e. irreversible charge consumption) due tobreaking and re-formation of the SEI during cycling[50]. So far, numerous strategies have been proposedto stabilize silicon-based negative electrodes such asnanosizing, material nano-structuration [51],[52] aswell as binders and formulation optimisation [53].The use of nano-sized Si particles is, however, likelyto trigger even more severe electrolyte degradationdue to their high surface activity. Molecularfunctionalization of silicon nanoparticles havetherefore been recently investigated as a newstrategy to tailor an artificial robust and flexible SEIthat would address electrolyte degradation andvolume change issues at once. Mazouzi et al. [54]used a pH3 buffered carboxymethyl cellulose (CMC)based aqueous slurry to covalently functionalizedCMC at the nano-Si particles surface through anesterification reaction between surface SiOH silanolgroups of Si particles and COOH groups of CMC.The obtained composite electrode achieves morethan 700 cycles at high capacity of 960 mAh g-1,instead of 100 cycles for non-functionalizedelectrodes prepared at natural pH. Such a drasticcycle life improvement was explained by strongermechanical contact within the electrode through anetworking process of the conductive additive and Siparticles during the composite electrode processing.Yang et al. [55] showed that Si nanoparticlesfunctionalized by 4-carboxyphenyl groups usingdiazonium chemistry led to much higher capacityretention upon cycling with about 500 mA h g-1 after50 cycles compared to barely 60 mA h g-1 for the bareSi nanoparticles. Li et al. [56] showed that varyingthe surface group of silicon by different surfacetreatment, including the functionalization of 3-aminopropyltriethoxysilane, led to differentelectrolyte degradation compounds andelectrochemical performance highlighting the keyrole of controlling the surface functionalities.Abdelhamid et al. [57] used thiophene molecules to

functionalize Si nanoparticles via an electrochemicalprocess. They showed also that the modified Siretained higher capacity with about 40% of the initialcapacity after 60 cycles compared to only 4%capacity retention after 10 cycles for the unmodifiedSi, more likely due to the formation of an artificialand protecting SEI at the Si nanoparticles surface.Interestingly, they proposed to use such thiophenemodified Si nanoparticles as anchor point for furtherco-polymerization with conducting polymers. Suchstrategy would allow producing a covalentlyfunctionalized Si/conducting polymer anodecomposite that should in principle mitigate the lossof electrical contact upon cycling.Another alternative approach based onfunctionalization through diazonium chemistry hasalso been recently proposed to stabilize silicon-basedelectrodes. In order to overcome incomplete and/ornon-uniform carbon coating of silicon particles, Du etal. [58] covalently functionalized p-phenylenediamine via diazotization onto naturallyoxidized surface of Si nanoparticles followed by acarbonizing process at elevated temperature asillustrated in Figure 4. By varying the temperature ofthe diazotization step, they were able to tune thethickness of the functionalized layer. Aftercarbonization, the resulting Si@C nanocompositeshowed significant improvement of the reversiblecapacity compared to the unmodified silicon (Figure5).

Figure 4 Schematic illustration of the synthesis ofSi@C core–shell nanocomposite. Reproduced fromRef. [58] with permission from The Royal Society ofChemistry.
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Figure 5 Cycling performance and coulombicefficiency of pure Si and the Si@C core–shellnanocomposite. Reproduced from Ref. [58] withpermission from The Royal Society of Chemistry.
More recently, lithium metal has regained interest asnegative electrode material through the developmentof Li-air and Li-sulfur batteries. Despite inherenthigh energy density and much simpler electrodesprocessing compared to laminated electrodes,lithium metal still suffer, however, from extensivesurface reactivity and poor electrodepositionproperties upon cycling. To stabilize lithium metal,various strategies have been proposed includingartificial protecting layers and electrolyteoptimization [59]. However, impedance growthupon cycling due to SEI film thickening and/orunstable surface morphology still remains a majorissue. Alternatively, Marchioni et al. [60] thenVaughey et al. [61],[62] proposed to use molecularfunctionalization between the thin native layer oflithium hydroxide of the lithium surface and variouschlorosilane derivatives as illustrated in Figure 6.Marchioni et al. [60] investigated the possiblechemical reactions using multiple techniques andshowed that the functionalized silyl derivativeslithium presented a smaller initial interfacialimpedance and a lower impedance increase uponimmersion in 1M LiClO4 in propylene carbonate.Vaughey et al. [61] explained that the enhancedcapacity retention of the functionalized silylderivatives lithium most likely originates from theability of the functionalized layer to inhibit freesolvent attack of the metal electrode surface. Byvarying the R-group size of various chlorosilanederivatives, they showed that very small R-groups

should be preferred to maximize the cycle life [62].They also showed that pre-cleaning the surfacelithium using pentane further enhanced the stabilityof functionalized silyl derivatives lithium comparedto the abrasive cleaning method [62].

Figure 6 Schematic representation of the silanecoating mechanism. Reproduced with permissionfrom Reference xxx. Copyright 2012, Elsevier Ltd.
The interfacial reactivity of positive active materialsis also well known to be detrimental to the overallelectrochemical stability and performance of lithiumion batteries. For instance, the contact between theactive material and the electrolyte may lead to severeelectrolyte degradation [5],[6] and/or materialdissolution [7], especially at high potential. Similarlyto what has been proposed for negative electrodes,common approaches to solve these issues rely on apre-treatment of the active materials particles bysurface coating using polymeric [9] or inorganic[11],[12] species and/or on electrolyte additives [13].As an alternative, Tanguy et al. [63] proposed tolessen the surface reactivity of Li1.1V3O8 nanograinswhich show string reactivity toward organicelectrolytes more likely due to nucleophilic oxygensites [64]. The functionalization reaction wasperformed in situ during Li-ion intercalation usingpara-nitrophenyl diazonium salt dissolved in theelectrolyte. This strategy resulted in a homogeneousorganic multilayer film for which the thickness couldbe modulated depending on the functionalizationtime as shown in Figure 7. The chemical reactivity ofthe modified Li1.1V3O8 toward the electrolytemeasured by the extent of the electrolytedecomposition was indeed hindered as deducedfrom XPS analysis upon cycling. Interestingly, in thisconditions, the charge transfer and theelectrochemical activity of the modified Li1.1V3O8was not impeded when cycled against Li/Li+. Also, asignificant improvement of the capacity retentionwas observed for the modified Li1.1V3O8 as shown inFigure 8.
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Figure 7 TEM images of (a) modified-Li1.1V3O8 for 3min, (b) modified-Li1.1V3O8 for 10 min and (c)modified-Li1.1V3O8 for 60. After 3 min, nanograinsare indiscernible from those of non-modified-Li1.1V3O8 while after 10 and 60 min, homogeneouscoverage appear at the surface of the modified-Li1.1V3O8 material of about 1.5 and 2 nm,respectively. Reproduced by permission of TheRoyal Society of Chemistry.

Figure 8 Specific capacity curves for unmodifiedLi1.1V3O8 (1) and modified Li1.1V3O8 (2) as function ofcycle number. Adapted by permission of The RoyalSociety of Chemistry.
Similar improvements of the capacity retention ofthis material was also achieved using a simpleapproach that can in theory be readily transferred toindustrial processes. The latter consists in self-

condensation of phenyl phosphonic acid on Li1.1V3O8nanograins in isopropanol [65]. The reaction readilyoccurs within the suspension and is completed uponapprox. 24h.
2.2 Molecular wiringElectrodes of lithium ion batteries are compositemixtures of redox active material (AM), electron-conducting additives (C) and polymeric binders (B)which architecture (dispersion of AM, C and B,porosity and tortuosity, etc...) greatly influencesperformance. In particular, regarding today’sbatteries, it is estimated that 20 to 80% decrease inpower performance arises from insufficientelectronic conduction [66]. For instance, for carboncoated-LiFePO4 (referred to as LFPC), contactresistance between clusters results in a conductivitydrop of more than two orders of magnitude [67].Another issue regards the mechanical stability of theelectrode on lithium insertion/deinsertion whichleads to poor capacity retention. This is even morepronounced for negative electrode and mostespecially for those based on alloy material such assilicon. The design of optimized and stable electroniccontact at different scale of the electrode is thereforea key challenge towards cheaper and more efficientbatteries. It is not, however, a trivial task becauseconductive carbon additives are difficult to dispersehomogeneously owing to aggregation phenomenaoccurring within electrode slurries [68]. Moreover,electron transport has been shown to occur throughtunneling across adsorbed binders and SEI layers[69] and therefore cannot be controlled duringelectrode formulation or during cycling.Accordingly, since insulating binders have to beadded to the composite electrode, a compromise hasto be reached between the electronic conductivityand the mechanical properties of the compositeelectrode [69]. One of the recent original approachused to tackle these issues consist in connecting(“wiring”) AM and C by tethered (covalently or not)molecules or oligomers:Grätzel’s group was actually the first to propose thiswiring strategy with use of redox molecularmediators [70] or redox polymers with ‘‘swing”redox active molecules tethered to the polymerbackbone [71], to directly wire uncoatedLiFe(Mn)PO4 grains to the current collector in order
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to improve charge transport. These approaches arebased on the electron-hole transport from the redoxactive molecules to the AM particles. Therefore, theadsorbed molecules should be percolated to allowfor cross-surface charge transfer (as is the carbonpainting method proposed by Armand et al. [72]).Moreover, the redox potential of the molecule shouldmatch the Fermi level of active material. Kavan et al.[73],[74] implemented this solution by connectinguncoated LiFePO4 to single-wall carbon nanotubesusing adsorbed bipyridine complexes. Therefore,these strategies aim at bypassing the use of carbonadditives within composite electrodes and do not,however, directly tackle the contemporary concernsof industry-relevant electrodes.This concern was achieved by Yassin et al. [75] whoengineered the electronic contacts between thecarbon additive and the active material using anextended (≈ 2 nm) thiophene π-conjugated molecularjunction. The latter is functionalized by a pyrene unitprone to develop π-π interaction with multiwallcarbon nanotube (MWCNT), on one hand, and a

phosphonic acid group able to interact with oxidessuch as uncoated LiFePO4 (LFP) on the other hand(Figure 9, left). This strategy offers the possibility tooptimize the electronic transport at the nanoscalewhich is a key point in enhancing performance ofthick electrodes. A vast improvement in theelectrode component intermixing was obtained withindividual MWCNT being nano-contacted at thesurface of LFP grains. Moreover, a much higherelectronic conductivity and specific capacity(especially at high C-rates) as well as better capacityretention comparable to that of carbon coated LFPelectrodes could be achieved (Figure 9, right) for 2.1mAh cm-2 electrodes. It is worth noting that anadverse effect was, however, observed using thesame molecular junctions when replacing uncoatedLiFePO4 by the uncoated Li4Ti5012 spinel. This servesto show that a charge hopping mechanism may alsocontribute to the charge transport above 3V vs. Li/Li+in addition to tunneling which highlights the crucialrole of these molecular junction to carry the flow ofthe current load at nano-contacts.

Figure 9 (left) HRTEM image showing an approx. 2 nm molecular junction (marked by an arrow) betweencarbon nanotube and an uncoated LiFePO4 particle. (right) (A) Charge/discharge profile during the secondcycle at C/4 (charge) and C/2 (discharge) rates for carbon coated LiFePO4 hand mixed with MWCNT (blackcurve), singly grafted (that is to say ‘’not wired’’) uncoated LiFePO4 hand mixed with MWCNT (blue curve)and wired (that is to say ‘’doubly grafted at both ends of the molecule’’) uncoated LiFePO4-MWCNT (redcurve); (B) Corresponding power tests along with the capacity gain (green curve). Reprinted with permissionfrom [75]. Copyright 2015 American Chemical Society.
Wiring of C and AM was also achieved in an attemptto decrease the effect of volume changes of AM oncycling [25]. Indeed, chemical coupling of Sinanograins to the carbon additive (graphite [76]and carbon nanotubes [77]) was achieved usingseveral nanometers thick oligo-phenylene derivative.The latter was covalently functionalized at the

surface of both materials using diazonium chemistry.This achievement allowed to reach 35 cycles at fixedcapacity of 1000 mA h g-1 whereas the blankelectrode which showed similar coulombic efficiencyof 96%, could not reach over 400 mA h g-1 [77]. Thisapproach was pursued by Pan et al. [78] usinggraphene sheet as conducting additive. The resulting
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nanocomposite delivered a capacity of 1079 and 828mAh/g in the initial and 50th charge at a currentdensity of 300 mA h g-1 with a capacity fading rate of4.5 mA h g-1 per cycle. However, no comparison to areference electrode was provided in this case.
2.3 Redox molecular functionalizationLIBs have relatively high energy densities (150–250Wh kg-1) compared to other electrochemical systemsdue to the faradic reactions that take place within thevolume of active grains by simultaneous ion andelectron uptake/removal. However, even when fastelectronic and ionic motion may occur within theactive material, power performance (1–3 kW kg-1)remain frustrated by slow ionic ‘‘refueling’’ from theelectrolyte because the amplitude of the faradicreactions is large compared to the amount of ionsavailable in the porosity of electrodes [79],[66]. Theclassical approach for power applications is thereforeto make thin electrodes to reduce ionic diffusionpath lengths which is, however, detrimental to theenergy density of LIBs.To tackle this issue, Madec et al. [80] recentlyproposed to use surface functionalized anionic redoxmolecular relay (RMR) for which chargecompensation occurs with anions of transferencenumber higher (~0,6) than that of Li cations (~0,2-0.4)in state-of-the-art LIBs organic electrolytes [81],[82].The interest of RMR is two folds: (i) use the ‘’deadsurface’’ of the carbon additive to convey additionalfaradic capacity and (ii) buffer the drop of Li+concentration gradient during high power demandby fast anion mass transport. Therefore, thisapproach comes to look for any maximum of

capacity when screening the mixture of two redoxmaterials: a n type (the active cathode material withLi+ counter ion) and a p type (the redox molecularlayer with anion counter ion). Considering anexperimental capacity at 4C rate for LFPC-basedelectrodes, the authors showed that the maximumcapacity gain was estimated to reach up to 80%depending on the surface area, the wt.% content ofthe functionalized substrates and the surface density(Γ in mol/cm2) of RMR. Results proved substantialcapacity gains as Γ increases. In addition, it was alsohighlighted that for high RMR loadings, non-covalently functionalized RMR at the carbonadditive surface using π-π interactions should bepreferred for power applications. Concomitantly,Delaporte et al. [83] found that when LFPC wasfunctionalized by lower loadings of organic moietiesusing the diazonium chemistry, no negative impactwas observed on the electrochemical performance.In order to give a proof of concept, Madec et al. [84]functionalized carbon nanotubes (CNT) with apyrene derivative by simple immersion in amethanol solution (Figure 10). The redox activity ofthe functionalized CNT originates from theoligopyrene (RMR) formed from pyrene oxidation[39],[40]. Subsequently, electrodes with 10 wt.% ofLFPC and 85 wt.% of CNT were used to allowdiscriminating electrochemical activities of bothLFPC and RMR. The resulted cyclic voltammograms(Figure 10) shows the evolution of the relativecapacities of unmodified (Blank) and RMR-modified(Hybrid) electrodes. The higher kinetics associatedwith RMR allowed to obtain a gain higher than 50%at 100 mV s-1 (150C rate).
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Figure 10 (left) Voltammograms and (right) relative capacities for the unmodified (Blank) and RMR-modified(Hybrid) electrodes made of 10 wt.% LFPC + 85 wt.% CNT (unmodified or RMR-modified) + 5 wt.% PTFE.Adapted from [84].
Redox active organic materials are a possiblealternative to today’s inorganic insertion materialsfor Li-ion battery technologies as they usually offerhigh theoretical capacities, wide accessibility,greener synthesis method and large variety of atomscombination. For instance, in an pioneer study,Poizot et al. proposed a new class of organicmaterials that can be derived from biomass [85],[86].The main issue of such organic materials is, however,the fast and drastic capacity fading during cyclingdue to the significant dissolution of the organicmaterials in the electrolytes commonly used in Li-ionbatteries. To overcome this issue, Genorio et al. [87]recently proposed functionalized quinone derivativeof calix[4]arene (CQ) as organic material at thesurface of high surface area nanosized silica andcarbon black as insoluble substrates. For thefunctionalization onto silica, they used a simplecondensation reaction between the -COOH groups ofthe quinone derivative and the surface -OH groupsof the silica. To functionalize the carbon black, theyfirst covalently anchored p-aminobenzoic acid usingdiazonium chemistry then performed a condensationreaction between the -OH groups of the quinonederivative and the -COOH groups of the modifiedcarbon black. As a whole, they observed animprovement of the cycling stability of the organicmaterial compared to the non-functionalized organicmaterial. Pirnat et al. [88] then showed that a simplemixture of the quinone derivative and the modifiedcarbon black can lead to close cycling stabilitycompared to the quinone derivative anchored to thecarbon black through the condensation reaction.They explained this result by a possibleelectrochemical reaction between the modifiedcarbon (carbon functionalized with -COOH group)and the quinone derivative. Later, they transferredthis organic redox functionalization strategy tographene nanoribbons (GNRs) using a quinonederivative and again showed improvedelectrochemical performance compared to the non-functionalized GNRs [89]. At this point, one shouldnote that such molecular organic redoxfunctionalization strategy of high surface area

material for battery application remains identical tothe redox functionalization strategy proposed earlierand widely developed for electrochemical capacitorsapplication (see following section 3.1).Another common strategy to stabilize the cyclabilityof organic-based electrodes for lithium ion batteriesis to use redox or radical polymers. The mainadvantage of such method compared to themolecular organic redox functionalization strategydescribed previously is the evident increase ofelectrode capacity that can be obtained due to thedecrease of inactive material content in the electrode.However, the use of redox/radical polymers may stilllead to the dissolution of the organic material in theelectrolyte. Also, the fabrication of well dispersedand electrically connected polymer-based electrodesremains a challenge. Therefore, homogeneousdispersion and strong interaction methods aretargeted. In that direction, we should mention thework of different groups that used redox-activenitroxide polymer derivatives covalentlyfunctionalized at the carbon nanotubes [90],[91] andreduced graphene oxide surfaces [92] bytermination reaction.
2.4 Mass transport, wettabilityLithium metal is envisioned as the ultimate negativeelectrode for extended driving range of electricvehicles. To do so, dry polymer electrolyte (DPE)which is at the heart of some present-day electrifiedvehicle batteries [93] have been shown to solvemost safety issues encountered with liquidelectrolytes. However, the design of more attractiveDPEs is hampered by two main concerns: (i) theirinability to show both high ionic conductivity andgood mechanical property [94] and (ii) the low Liions transference number t+ (approx. 0.2) [95] whichleads to concentration gradient and subsequentdendritic growth [96] especially when consideringthick electrodes and/or high rates. Preliminaryadvances have been made to overcome transportlimitations, by the use of polyanionic blockcopolymers to create a single-ion conductor [97]: theanion is functionalized on one of the blocks such as
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these copolymers structurally contain only onemobile charge which is lithium ions. Although suchstrategy allowed to reach t+ values experimentallyclose to unity, the low level of ionic dissociation wasstill restricting conductivities below 5.10-6 S cm-1 at60°C. Recently, Bouchet et al. [98] solved this issueusing a new polyanionic BAB triblock copolymerwhere the TFSI anion was functionalized on apolystyrene B block associated with a centralpoly(ethylene oxide) A block (Figure 11). Indeed, thesoft TFSI- anions reduce interactions with Li+enabling conductivities half an order of magnitudehigher than that of the state-of-the-art values [99]with 1.3 10-5 S cm-1 at 60°C. Another advantage fromtethering TFSI anions is the limited extent ofoxidative reactions at the interface (loss of thenegative charge [100]) which results in enlargedelectrochemical window up to 5V on the positiveside. Moreover, this new triblock copolymer presentsa tensile stress an order of magnitude higher thanthat of the blank ABA copolymer withoutfunctionalized TFSI which suggests a strong ioniccrosslinking between the anionic and PEO domains

that would induce self-healing [101]. Finally, owingto the unique combination of these properties,lithium-metal battery prototypes have beendemonstrated with an impressive gain in powerperformances compared with state-of-the-art lithiummetal battery technology most especially at 60°C(Figure 11).Delaporte et al. [102] showed using contact anglemeasurements that a hydrophilic surface wasproduced after spontaneous grafting of 2.1 wt% ofbenzene-trifluoromethylsulfonimide groups at thesurface of LFPC. Such surface modification whichwas achieved using aminophenyl and bromophenylmoieties [83] was reported to improve thewettability of the cathode material in organicelectrolyte. Electrochemical impedance spectroscopyshowed that the resistance of the modified cathodewas lowered compared to the bare LFPC electrode.Electrochemical tests for 2.5 mg cm2 electrodescontaining 10 wt.% carbon additive demonstratedthat this strategy allows to gain better dischargecapacities at C-rate > 2C.

Figure 11 (left) Chemical structure of the new single-ion conductor TFSI_BAB triblock copolymer proposed asan electrolyte for lithium-metal-based batteries. (right) (b) Discharge profiles obtained at 80°C at different ratesfrom C/15 to 2C for a typical prototype Li/TFSI_BAB/LiFePO4 and (c) Cycle-life of the prototype. The differenttemperatures and C/n rates used are noted in the figure. Reproduced with permission from Reference [98].Copyright 2013, Nature publishing group.
When dealing with Li-sulfur batteries, the poorcapacity retention originates from both the diffusionof soluble polysulfides into the electrolyte and theaggregation of insoluble discharge products (Li2S2and Li2S) [103]. So far, numerous efforts have beendevoted to prevent the loss of soluble polysulfidesusing encapsulating carbon matrix, wrapping withpolymers, graphene and metal oxide or adding an

interlayer between the cathode and separator [103].To deal with the sequestering aggregation ofinsoluble discharge products, amphiphilic polymershave been showed to enhance the binding energybetween the insoluble discharge products and thecarbon matrix which resulted in improved capacityretention upon cycling [104]. However, the bulkynature of the used amphiphilic polymer can lead to
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inhomogeneous functionalization and ineffectivesulfur infiltration by pore blockage. To overcome thisissue, Kim et al. [105] functionalized commercialordered mesoporous carbon (CMK) by p-phenylenediamine using the diazonium chemistry.The resulted aniline functionalized CMK showedimproved capacity retention and coulombicefficiency over 50 cycles at 0.1C rate compared to theunmodified CMK. This improvement was attributedto the moderate diazotation condition thatmaintained the original microstructure of the CMKwhile homogeneously functionalized aniline groupsthat provide strong Lewis acid-base interaction toimmobilize insoluble discharge products.
3 Electrochemical capacitors application3.1 Redox molecular functionalizationElectrochemical capacitors are known for highpower densities (10 kW kg-1) and extremely longcycle life owing to fast surface charge storagethrough capacitive ion adsorption andpseudocapacitive surface redox reactions [106],[107].As a result, they are, however, plagued with lowenergy density (5 Wh kg-1). To improve thecapacity/energy of electrochemical carbon basedcapacitors, surface functionalization of redox activemolecules is one of the two main strategies, the otherone consisting in the control of the pore size [107].According to this approach, the gravimetric capacity,the potential and the wt.% of the redox moleculesgoverns the additional energy that can be expectedwhile the impact of the functionalization on theporosity and sp2 domains define the powerproperties of the resulting material. Lastly, thestability of the molecule anchoring at the surface ofthe carbon material together with the reversibility ofthe faradic reactions are also key parameters thatneed to be taken into account.In 2004, Leitner et al. [108] were the first to proposecarbon surface functionalization by redox moleculesthrough simple adsorption of 2-nitro-1-naphthol oncarbon electrodes followed by the electrochemicalformation of quinone groups which can then bereversibly reduced to hydroquinones. In 0.5 MH2SO4, this resulted in an enhancement of thecapacitance from 65 F/g to 250 F g-1 in a 0-0.5 Vpotential window vs. SCE. However, the lowworking potential of the redox couple made such

functionalized electrodes less attractive for theapplication. Furthermore, the weak interaction of thephysically adsorbed molecules rises some doubtsabout retention of the additional capacity uponcycling. Accordingly, since this pioneer study,stronger molecules/substrate interactions via bothcovalent and non-covalent functionalizations havebeen developed.
Covalent approach – In 2008, Kalinathan et al. [109]were the first to use of diazonium to covalentlyanchored anthraquinone (AQ) group at the surfaceof carbon fibers. The capacitance of the electrode wasincreased form 1.15 F to 1.62 F in 0.5 M H2SO4between -0.3 V and 0.6 V vs. Ag/AgCl with only ~7wt.% molecule loading. Based on this study,Algharaibeh et al. [110] reported the firstasymmetric electrochemical capacitor cell using anAQ functionalized carbon as negative electrode andRuO2 as positive electrode with a 1.2 V potentialwindow. Later, they also proposed the firstasymmetric electrochemical capacitor cell based onpositive and negative carbon electrodesfunctionalized by dihydroxybenzene andanthraquinone groups, respectively [111]. Thisapproach allowed a twofold increase of the cellenergy. Lebègue et al. [112] also demonstrated apromising asymmetric electrochemical capacitorbased on 2,2,6,6-tetramethylpiperidine-N-oxyl andnaphthalimide as functionalized redox molecules atthe positive and negative carbon electrodes surface,respectively (Figure 12). Compared to AQ,naphthalimide allows lowering the workingpotential of the negative electrode. The capacitanceof the full cell was also doubled. Very interestingly,the anodic decomposition of the electrolyte waslowered after functionalization which allowed toincrease the voltage cell window from 1.9 V to 2.9 V.
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Figure 12 (a) Cyclic voltammograms of the TEMPO-modified positive carbon electrode and thenaphthalimide-modified negative carbon electroderecorded in propylene carbonate (PC) + 1 M Bu4NBF4at a scan rate of 1 mV s-1 (~3C rate). (b) Galvanostaticcharge–discharge curves of the naphthalimide–ACcomposite (on the left) and the TEMPO–ACcomposite (on the right) at a current of 0.1 mA.Reproduced by permission of The Royal Society ofChemistry.
Anthraquinone (AQ) is probably the mostextensively studied redox molecules forfunctionalization [113],[114]. Investigation of theelectrochemical response of AQ functionalizedcarbons revealed that the redox potential linearlydecreases with the electrolyte pH with, however, aconstant 2 electron redox process throughout the pHrange [115]. Therefore, the redox potential of AQ isideal in alkaline media for negative electrode with -0.8 V vs. Ag/AgCl. However, at pH 14, AQ forms adianion that produces a repulsive interaction withnegatively charged electrode surface. This processresults in the departure of molecules that remainadsorbed at the carbon surface during theuncomplete covalent functionalization reactionthrough the diazonium chemistry. To avoid thisphenomena, a modified electrochemicalfunctionalization process of AQ was proposed toincrease the stability in alkali medium as discussedlater [116]. Interestingly, an analogue molecule of

AQ, 9,10-phenanthrenequinone (PQ) showedsuperior stability upon cycling at the expense of a300 mV positive redox voltage shift [117],[118]. Thishigher stability was explained by a more efficientcovalent functionalization along with the presence ofthe two ketone groups on the same side of the PQmolecules which makes PQ more hydrophobic thanAQ, thus greatly hindering any possibledesorption/dissolution from the carbon surface. LeComte et al. [119] then took advantage of PQ toprepare hybrid electrochemical capacitors couplingPQ-functionalized carbon and Ni(OH)2 as negativeand positive electrodes, respectively.Recently, an interesting approach was proposed byLegoupy et al. [120] to significantly increase thenumber of electrons exchanged per functionalizedmolecules. To do so, they combine a rhodizonic acidwith a benzenediamine through simple condensationand further functionalization of the obtained multi-electron redox active molecule at an activated carbonsurface using the diazonium chemistry (Figure 13).The resulted functionalized molecule could exchange3.6 electrons thus greatly increasing the capacitanceby a 3.5 factor compared to the unmodified carbonelectrode.

Figure 13 Schematic illustration for the grafting of anoxocarbon compound. Reproduced with permissionfrom Reference [120]. Copyright 2016, Elsevier Ltd.
In a totally different approach, Benoit et al. [121]used the possibility of functionalizing a catecholredox derivatives onto a polystyrene polymer binderrather than on a classical carbon surface (Figure 14).This strategy allowed to avoid the decrease of thedouble layer capacitance and the resulted ionic
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transport hindering that arises from the disturbance of pores when carbon are functionalized.

Figure 14 The two different routes used for introducing electroactive molecules on the electrode materials.Adapted from reference [121] with permission of Wiley.
Non-covalent approach – While non-covalentinteraction may be seen as too weak for applicationthat requires thousands of cycles, the stability of thesystem can be efficiently enhanced by using π-πinteractions. In this case, several advantages overcovalent functionalization result: (i) they arethermodynamically driven [33] so in principle theydo not require any complex functionalizationprocedure and (ii) they do not significantly alterelectrical contacts [33],[34],[35] Madec et al. [31]recently reported the use of strong π-π interactionbetween graphitised carbon fibers (CFs) electrodes

and a pyrene derivative (Figure 15). The selectedmulti redox pyrene was simply added as an additivein standard LP-30 electrolyte and self-adsorbed by π-stacking interactions either during OCV or cycling ofthe cell. Depending on the potential window, theadsorbed pyrene units can further oligomerize at thesurface of the carbon which further secure theirimmobilization. This strategy resulted in an increaseof the capacity from 13 mAh gsubstrate-1 (19 F gsubstrate-1)for the bare electrode to 36 mAh gsubstrate-1 at 100 mVs-1 (150C rate) between 2.0 and 4.4 V vs. Li/Li+ with anexcellent stability over 60000 cycles (Figure 15).

Figure 15 (a) Evolution of the capacity during cycling of a CF composite electrode in electrolyte containing themulti redox pyrene derivative (MM) as additive at 100 mV s-1 (150C rate) within 2.0–4.4 V and (b)corresponding voltammograms. Inset: cycle life of a CF-MM electrode obtained upon immersion in MM-electrolyte for 10 days. Oscillations correspond to periods of 12 h and are therefore associated with day/night
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temperature variations. Adapted by permission of The Royal Society of Chemistry.
Later, Bachman et al. [122] followed this approachby comparing three different pyrene derivatives(pyrene, 1-amino-pyrene and 1-pyrenecarboxylicacid). They showed that oxidized few-walled carbonnanotubes (FWNT) functionalized by 1-amino-pyrene achieved the highest capacity (175 mAhgelectrode-1 (210 F gelectrode-1) between 1.5 and 4.5 V vs.Li/Li+ in 1M LiPF6 EC:DMC (3:7 by volume))compared to the other pyrene derivativespresumably due to electrostatic interaction betweenthe oxygen functional groups of the oxidized FWNTand the protonated amino groups of the pyrene.Borenstein et al. [123] also took advantage of non-covalent π-π interactions by using 1,10-phenanthroline as an additive to functionalize thesurface of an activated carbon. Thanks to the tworedox processes of the phenantroline, the capacitanceof the electrode was increased from 110 F gelectrode-1for the bare electrode to 190 F gelectrode-1 in PC-basedelectrolyte. No adverse effect of the functionalizationwas observed on the power capability and capacityretention upon 8000 cycles. Interestingly, theaddition of phenanthroline allowed increasing theelectrochemical window from 3 V to 3.4 Vpresumably due to remaining phenantrolinemolecules in the electrolyte that are charged andtherefore increase the charge carriers' concentrationas deduced from EIS experiments. Authors alsoclaim that dissolved phenanthroline behave as redoxshuttle. An et al. [124] immobilized anthraquinoneon graphene and increased the capacity by two witha final capacitance of 400 F g-1. They also proposedan asymmetric electrochemical capacitor using thefunctionalized graphene electrode as negativeelectrode and graphene as positive electrode inaqueous H2SO4 electrolyte which presents, however,a restricting cell voltage of 1 V. The same group[125] then reported the functionalization of alizarinon graphene aerogel. Alizarin showed two reversibleredox couples from the hydroxyl and carbonylgroups and the resulted composite electrode showedgreatly enhanced capacitance with 350 F g-1
compared to 31 F g-1 and 162 F g-1 for the alizarin andthe unmodified graphene aerogel, respectively.As a whole, the functionalization of redox moleculeshave been proven to be a very powerful and efficient

strategy to enhance the energy density ofelectrochemical capacitors. The effect of thefunctionalization on the pore structure as well as thecontrol of the molecular coverage and its stabilityduring cycling are, however, critical point in regardsto the power density.
3.2 Other purposesWiring – The approach of wiring between the activematerial and the carbon additive through amolecular junction (Lithium ion Batteriesapplication, section 2.2) was recently extended toelectrochemical capacitors by Ramirez-Castro et al.[126]. They used the diazonium chemistry to firstchemically functionalized the carbon black particlesthen connect amorphous manganese oxide (MnO2)particles. The capacitance of the resulting MnO2-carbon nanocomposite electrode was doubledcompared to a simple mixture of the twocomponents and also retained at faster cycling rates,thus highlighting the role of intimate coupling ofMnO2 and carbon.
Wettability – In carbon-based electrochemicalcapacitor, the charge storage mechanism is based onthe charge separation at the solid/liquid interfacebetween the carbon and the electrolyte. In a simplecase, during charge, anions/cations from theelectrolyte compensate the positive/negative chargeat the positive/negative carbon electrodes,respectively. Such mechanism leads, however, to adepletion of ions in the bulk electrolyte duringcharge due to the formation of the electrical doublelayer at the electrolyte/electrode interfaces whichresults in a significant decrease of the ionicconductivity of the electrolyte. To tackle this issue, itis possible to decrease the thickness of electrolytebetween the two electrodes, having in mind that theamount of ions should remain sufficient to allow afull charge of the electrodes. In that direction, Pech etal. [127] functionalized a high-surface area carbonby phenylsulfonate groups using the diazoniumchemistry to control the conductivity gradient withinthe electrolyte (Figure 16). They showed by in situmeasurements of the electrolyte resistance of a twoelectrodes electrochemical capacitor that the
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functionalized anionic species can avoid ionicdepletion upon charging, therefore maintaining ahigh level of conductivity (Figure 16). One can alsonote that the functionalization of hydrophobic (-CF3)

or hydrophilic (-SO3H) functional groups have alsobeen proposed to control the wettability of carbon bythe Cabot corporation for inks fabrication forinstance [128],[129].

Figure 16 (left) Schematic representation of the mechanism occurring on carbon electrodes polarized in H2SO4media: (a) unmodified carbon electrodes and (b) carbon electrodes modified with sulfophenyl groups. (right)Plot of the resistivity of the 0.1 M H2SO4 electrolyte in a two electrodes symmetrical capacitor as a function ofthe applied potential. Reproduced by permission of The Electrochemical Society.
Binder formulation – To prepared electrochemicalcapacitor and battery composite electrodes, electro-active material, conductive carbon additive andbinder are usually mixed together to form apaste/slurry that is eventually tape cast to obtain anelectrode film. It is well known that both binder andformulation properties have strong impacts on theelectrochemical performance. In that direction,Assresahegn et al. [130] recently proposed tocovalently functionalized a polyacrylic acid (PAA)layer with “binder”-like properties at the surface of ahighly porous carbon in order to prepare a materialwith both charge storage and binder properties forelectrochemical double-layer capacitor (Figure 17).The modified carbon was prepared via a two-stepprocess consisting in the covalent anchoring of a thinpolymerization initiator layer using the diazonium

chemistry followed by the further polymerization ofPAA using atom transfer radical procedure. Theresulted modified carbon used in compositeelectrodes was found to be more hydrophilic whichresulted in better wettability in an aqueouselectrolyte compared to the unmodified carbon.Much higher specific capacitance and capacitanceretention upon cycling (99.9% after 5000 cycles) wasalso observed for the modified carbon in an aqueous0.65M K2SO4 electrolyte compared to the unmodifiedcarbon as well as a wider working potential window.They proposed that the improved performance canbe explained by ionizable carboxylate surface groupsthat can allow good electrolyte accessibility to thepores, surface wettability of the active layer, highionic conductivity and good chemical andmechanical stability in aqueous electrolyte.
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Figure 17 Schematic representation of the: a) traditional approach for the fabrication of a composite electrodeand b) the new electrode formulation based on bifunctional materials. Reproduced from reference [130] withpermission of Wiley.
4. Fundamental aspectsIn this section, studies dedicated to theunderstanding of the functionalized layersproperties and their impacts in regards to theelectrochemical performance will be discussed.
4.1. Control and stability of the functionalized layerOptimisation of the molecular coverage – Fundamentalunderstanding of the diazonium reductionmechanism as well as determination of optimalexperimental conditions has been widely studiedand are crucial from the application viewpoint as themain characteristics of the modified substrate relateto the extent and homogeneity of the molecularcoverage. For instance, some studies are dedicated tothe development of more reliable technique toestimate the functionalization loading [131] such asusing quinone derivatives with an halogen atom asinternal probe [132],[133]. Also, the spontaneousfunctionalization of carbon powders is veryconvenient but results, however, in relatively lowfunctionalization loading [134]. As a result, manygroups have been intensively searching for newways to increase the molecular coverage (i.e.functionalization loading) [131],[134] especially forelectrochemical storage applications. In particular,Lebègue et al. [135],[136] showed that when carbonsurfaces are functionalized by spontaneous

reduction of diazonium salts generated in situ inwater media, the use of an organic acid substituentinstead of an external acid source greatly improvedthe functionalization loading. As an alternativeapproach, Madec et al. [137] recently achievedextremely high functionalization loadings of p-nitrobenzene diazonium salt at the surface of thecarbon coated LiFePO4 core shell material.Electrochemical, XRD and EELS experiments provedthat the oxidation of the LiFePO4 core delivers largeamounts of electrons to the carbon shell at a constantenergy above the Fermi level of the diazonium salt.Results showed, however, a much higherfunctionalization loading for LFPC than the sum ofthose measured for carbon coated FePO4 and bareLiFePO4, therefore highlighting a synergistic effect(Figure 18). The latter was ascribed to the carbonshell that appeared mandatory to trigger a highlyeffective reaction. This synergy allowedunprecedentedly up to 10 times higher loadingscompared to those usually obtained for suchspontaneous functionalization at the surface ofamorphous carbon [24]. Interestingly, closeexamination of the grafted grain agglomerates byEFTEM EELS mapping revealed that functionalizedand oxidized core-shell grains are not spatiallycorrelated (Figure 18).
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Figure 18 (left) Comparison of the functionalization loading (Γchem) showing the synergistic effect of the carboncoated LiFePO4 core-shell (LFPC) with different amount of PNBDiaz (nL) compared to the carbon coated FePO4shell only (FPC) and uncoated LiFePO4 core only (LFP). (right) EFTEM EELS mapping image of thefunctionalized LFPC-10L. Purple crystals correspond to a phase of composition close to LiFePO4 while orangeones correspond to a phase of composition close to FePO4. Edges of crystals sometimes appear orange due toextreme surface plasmon effects, as well as at the carbon coating. Reprinted with permission from [137].Copyright 2013 American Chemical Society.
Anothumakkool et al. [138] recently reported asimple strategy that consists in the polymerisation ofπ-stacked 1-nitropyrenes on carbon onion (OLC)using an initial in-situ electroreduction of the -NO2groups. The reduction of -NO2 to -NH2 decreased theoxidative polymerization potential of the pyreneunits which eventually increased thefunctionalization loading in comparison with pyrenederivatives without nitro groups. Density functionaltheory (DFT) calculations and experimental resultsshowed that graphitised OLC have stronginteraction with pyrene containing an electronacceptor group (-NO2) compared to electron donorgroup (-NH2), in agreement with the report ofBachman et al. [122]. Following this strategy,functionalization loading of ~20 wt.% was reachedand the resulted 1-nitropyrene functionalized OLCshowed a capacity of 45 mAh g-1 compared to 20mAh g-1 for the unmodified carbon.
Stability of the functionalized layer – When carbonelectrodes of electrochemical capacitors arefunctionalized with redox molecules using thediazonium chemistry, a continuous decrease of thefaradic capacity during cycling is often observed.Depending on the efficiency of the diazotationreaction, part of the reactants are only physisorbed at

the carbon grains surface or even embedded in theresulting oligomers. Accordingly, the capacity lossduring cycling was mainly ascribed to desorption ofthe molecules. Pognon et al. [114] showed that whilehigher loading improved the capacitance, thefraction of adsorbed molecules was increased whichresulted in higher capacity loss especially duringinitial cycles. This was further confirmed by LeComte et al. [117] that thoroughly comparedadsorbed and covalently functionalized carbon blackPearls electrodes by 9,10-phenanthrenequinone.They showed that only the covalently functionalized9,10-phenanthrenequinone led to stable capacityduring cycling. To tackle this issue, Le Comte et al.[116] improved the capacity retention issues bytriggering the diazotization/functionalizationreaction either chemically using sodium nitrite orelectrochemically after formulation of the compositeelectrode (Figure 19). The resulting functionalizedcarbon-based electrodes showed slightly higherstability upon cycling in aqueous 1 M KOH.Interestingly, this new procedure also allowed tosave significant time and solvents which are alsoimportant parameters from the application point ofview. Another approach to deal with the desorptionof molecules is to restrict the functionalizationreaction of diazonium salts to a molecular monolayer
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as recently proposed by Menanteau et al. [139],[140].To do so, they used a radical scavenger in solutionwhich led to low molecular mass fraction andimproved electrochemical stability upon cycling.Note that when radical scavenger was used, more

facile mass transport was observed due todiminished clogging effect of the pore structure[140]. This latter point, known to be critical, isdiscussed later.

Figure 19 Flowchart for the grafting processes. Reproduced with permission from Reference [116]. Copyright2014, Elsevier Ltd.
4.2 Impact of the functionalization on theelectrochemical propertiesCharge transport - While it is well known that theelectron transport in carbon substrate functionalizedby the diazonium chemistry is impacted due to theformation of sp3 defects [28],[29],[30],[80] little isknown, however, about the electron transport withinthe functionalized molecular layer. Towards thisobjective, Madec et al. [84],[141] recentlyinvestigated the charge transport mechanisms ofcarbon coated LiFePO4 (LFPC) functionalized by 4-ethynylbenzene (EB) diazonium salt using broadband dielectric spectroscopy (BDS). The choice ofLFPC was motivated by the occurrence of a thincarbon coating for which the electron propertiesshould in principle be more sensitive to surfacefunctionalization. As expected, results confirmedthat the functionalization of LFPC significantlyimpedes the kinetics of Li intercalation (Figure 20).Interestingly, authors noticed that simple immersionin the polar solvents used for the functionalizationprocess also resulted in hindered intercalationkinetics (Figure 20). Due to their high dipolemoment, strongly physisorbed molecules that were

detected by XPS likely added barriers to electronhopping. Indeed, electronic conductivities of LFPCsamples significantly decreased upon simpleimmersion in these polar solvents and decreasedeven further after covalent functionalization (Figure20). Broadband dielectric spectroscopy (BDS)showed that after covalent functionalization, longrange electron transport through the carbon coatingwas no longer possible due to higher sp3 content asproved by Raman spectroscopy. However, theelectron transport appeared to be redirected throughfunctionalized oligomers for which relatively lowactivation energy allowed higher conductivity at lowtemperature (T <250 K).
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Figure 20 Signature curves for unmodified LFPC(blank), LFPC-solvent and LFPC-EB. Adapted from[84]. Inset: Conductivity for unmodified LFPC(blank), LFPC-solvent and LFPC-EB at roomtemperature as measured from Broadband dielectricspectroscopy. Adapted from [84].
As previously discussed in section 2.3, similardetrimental effect on the intercalation kinetics ofLFPC was also observed when the conductivecarbons black of LFPC-based electrodes wascovalently functionalized by the diazoniumchemistry. To overcome such limitation, Madec et al.[80] showed that the use of non-covalentfunctionalization via π-π interactions using a pyrene

derivative did not impede the intercalation kineticsof LFPC. Therefore, for power applications, pyrenederivatives appears as a promising alternative.
Ionic transport - When porous materials such ascarbons for electrochemical capacitors arefunctionalized, one have to consider the impact ofthe functionalization on the porous network as itmay decrease electrolyte accessibility. Indeed,Toupin et al. [134] first showed that depending onthe synthesis conditions, the diazonium chemistryresulted in a decrease of the microporosity due to thepresence of the functionalized moieties at theentrance of the micropore. Pognon et al. [114],[142]also showed that activated carbon (~1500 m2 g-1)functionalized by different loadings ofanthraquinone (AQ) derivatives via the diazoniumchemistry led to a large decrease of themicroporosity and a concomitant loss of the BETsurface area even for small loadings (Figure 21, 22).When loading were as high as 7 wt.%, bothmicroporosity and mesoporosity were stronglyimpacted. Interestingly, despite a detrimental effectof the functionalization on the microporosity andBET surface area of the activated carbon, the doublelayer capacitance was only slightly affected (Figures20, 21). Authors observed that while more than twotimes lower microporous and BET surface areas wasmeasured with a 14 wt.% loading, the double layercapacitance was only decreased by ~15%.

Figure 21 Schematic representation of how the porosity is affected by the grafting of AQ molecules: smallerpore entrance is blocked even at low grafting level (a), then the grafting spreads to larger pores (<4 nm) (b) andfinally a noticeable surface is covered by AQ molecules thus screening the carbon below from the electrolyteand substantially decreasing the double layer capacitance. Reproduced with permission from Reference [142].Copyright 2011, Elsevier Ltd.
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Figure 22 Plot of the total capacitance (C total), AQcapacitance (C AQ) and double layer capacitance (CDL) of the modified carbons as a function of the AQloading. The dashed curve represents the doublelayer capacitance relative to the carbon black Pearlscontent of the modified materials. Reproduced withpermission from Reference [114]. Copyright 2011,Elsevier Ltd.
Based on these findings, Lebègue et al. [143]investigated the effect of two commercial activatedcarbons having approximately the same BET surfacearea but with either a microporous or a mesoporousstructure. Results showed that the performance ofthe microporous carbon was strongly affected by thefunctionalization while a good compromise betweenthe electrolyte accessibility and the ionic transportwas found for the mesoporous carbon whichtherefore appeared well-suited for thefunctionalization. Cougnon et al. [144] furthershowed using electrochemical impedancemeasurements that the functionalization of anactivated carbon resulted in an increase of the ionicresistance, making longer the time needed to reachthe maximum charge stored more likely due to alower accessibility of the electrolyte inside theporosity. Note that the authors concluded that in thisspecific study, the carbon functionalized with redoxmolecules appeared not suitable for high cycling rateapplications compared to the unmodified carbon.Further fundamental studies and new strategies aretherefore required to functionalize carbon withoutaffecting the pore structure. In that direction,Cougnon et al. [113] proposed a one pot procedureusing an initial -NO2 bearing molecule that waselectrochemically reduced to -NH2 in the vicinity of a

glassy carbon surface before to be rapidly covalentlyfunctionalized via diazotization. This approachtherefore differs from the classical formation of adiazonium salt that starts with a -NH2 group.Detailed compilation of various coupling strategiesfor the carbon functionalization is well reviewedelsewhere [25].
As a summary, Table 1 gathers for each purposesdiscussed in the present review, the functionalmolecules as function of the substrates and thecorresponding chemical reactions / interactions.
5. Conclusions and perspectivesAs shown, molecular functionalization has variousgrowing interests in regards to electrochemicalstorage limitations. According to the targetedapplications and required properties, it has beenproved that the main merits of the molecularfunctionalization are the efficiency and versatility ofboth covalent and non-covalent approaches andmore importantly the ability to carefully tune thematerial surface properties while retaining those ofthe bulk material. As a whole, whatever themolecular functionalization approach is, monolayercoverage are generally obtained except for thediazonium chemistry for which strict experimentalconditions have to be used if one wants to avoidmultilayer formation. This aspect is important whenporous materials are functionalized as it maydecrease electrolyte accessibility in the porousnetwork. Also, if the charge transfer and electronicconductivity are of major concerns whenfunctionalizing carbon substrates, diazoniumchemistry may not be appropriate as it forms sp3
defects. In that case, non-covalent functionalizationthrough π-π interactions should be preferred. Also,further improvements are continuously beinginvestigated.Based on the present literature report, the followingperspectives can be proposed. As a generalperspective, it is worth mentioning that in principle,any other electrodes materials than carbons andoxides, such as metal oxides and metal/alloys couldalso be treated by surface molecularfunctionalization to improve their electrochemicalperformances. However, the actual limiting factor fora practical application of molecular functionalization
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remains the additional functionalization step(s)required unless in situ functionalization can be performed.

Table 1 Functional molecules as function of the substrates and purpose and the corresponding chemicalreactions / interactions.
Purpose Substrate Starting functional molecule Chemical reaction / Type of bond Ref
Artificialinterphasesbatteries

natural graphitegraphitenano-Sinano-Sinano-Sinano-Sinano-Silithium metalnano-Li1.1V3O8nano-Li1.1V3O8

4-nitroanilinep-carboxylic benzene diazonium saltcarboxymethyl cellulose4-aminobenzoic acid3-aminopropyltriethoxysilanethiophene derivatives4-phenylenediaminechlorosilane derivatives4-nitrophenyl diazonium saltphenyl phosphonic acid

diazotation / covalentdiazotation / covalentesterification / covalentdiazotation / covalentsilanization / covalentelectrochemical / non covalentdiazotation / covalentsilanization / covalentdiazotation / covalentcondensation / covalent

[46][47][54][55][56][57][58][60-62][63][65]

Molecularwiringbatteries

capacitors

LiFePO4LiFePO4/MWCNT, Li4Ti5O12/MWCNT
nano-Si/graphite, nano-Si/CNT,nano-Si/grapheneMnO2/carbon black (Pureblack)

phosphonic acid derivativepyrene derivatives phosphonic acid
4-phenylenediamine
4-phenylenediamine

condensation / covalentLFP, LTO (condensation / covalent)MWCNT (π-π / non covalent)diazotation / covalent
diazotation / covalent

[70][75]
[76-78]
[126]

Redoxbatteries

capacitors

LiFePO4-C, carbons (Csp, C65)carbon black (C65)carbon nanotubesnano-SiO2carbon blackcarbon black-COOHcarbon black (Printex XE2)carbon fabric (Spectracarb 2225)carbon fabric (Spectracarb 2225)activated carbon
glassy, activated (Black Pearls) carbonsglassy, activated carbonsglassy, activated (Norit) carbonspolystyrene, activated carbonscarbon fibersoxygen-functionalized FWNTactivated carbongraphenegraphene aerogel

4-nitrobenzene diazonium salt1-nitropyrenepyrene derivativequinone derivative of calix[4]arene4-aminobenzoic acidquinone derivative of calix[4]arene2-nitro-1-naphtholanthraquinone-1-diazonium chloride4-aminocatecholN-(2-aminoethyl)-1,8-naphthalimide,4-amino-2,2,6,6-tetramethylpiperidine-N-oxyl1-aminoanthraquinone, 2-aminoanthraquinone2-amino-9,10-phenanthrenequinone2,3-dihydroxy-7-nitrophenazine-1,4-quinone3,4-dimethoxyphenyldiazonium saltpyrene derivativepyrene, 1-amino-pyrene, 1-pyrenecarboxylic acid1,10-phenanthrolineAnthraquinoneAlizarin

diazotation / covalentπ-π / non covalentπ-π / non covalentcondensation / covalentdiazotation / covalentcondensation / covalentadsorption / non covalentdiazotation / covalentdiazotation / covalentdiazotation / covalent
diazotation / covalentdiazotation / covalentreduction + diazotation / covalentdiazotation / covalentπ-π / non covalentπ-π / non covalentπ-π / non covalentπ-π / non covalentπ-π / non covalent

[80][80][84][87][87, 88][87, 88][108][109-111][111][112]
[114, 115][117-119][120][121][31][122][123][124][125]

Wettabilitybatteries
capacitors

LiFePO4-CLiFePO4-Cordered mesoporous carboncarbon black

4-amino-benzene-trifluoromethylsulfonimide4-bromoaniline, 4-phenylenediamine4-phenylenediamine4-Aminobenzenesulfonic acid

diazotation / covalentdiazotation / covalentdiazotation / covalentdiazotation / covalent

[102][83][105][127]

Molecular functionalization appeared promising forthe formation of an artificial SEI and should receivemore attention especially for high voltageapplication as it should allow great improvements ifcoupled to the electrolyte additive approach. In thatdirection, the material surface modification can beused as starting/anchor point for furtherfunctionalization. For instance, the covalentanchoring of polymer electrolyte or any other solid

electrolyte to the active material surface should inprinciple lead to both a better wettability andinterfacial stability.Considering the wiring approach, coupling theactive material and/or carbon additive to the currentcollector could be used to solve the impedance andmechanical issues related to the currentcollector/electrode interfaces encountered in currentLi-ion batteries.
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While redox functionalization has been clearlyproved to be promising for both batteries andelectrochemical capacitors, the main limitationremains the limited number of electrons exchangedper molecule. The design of new organic multi redoxmolecules coupled with cheap and eco-friendlysynthesis processes is highly sought after. The use ofredox polymer that would be anchored to the activematerial substrate and would replace both the binderand the conductive carbon additive is also apromising approach.
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